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The sintering behaviour of a composite material formed by a borosilicate glass 
(60 SiO2-24 B2O3-16 Na2O mol%) and zirconia fibres has been characterised as a 
function of the particle size of the glass powders, the fibre volume fraction, temperature 
and time of sintering. This composite is suitable for sealing gas manifolds of molten 
carbonate fuel cells, and the sintering temperatures are close to the working 
temperature of the cell (650°C). The Clusters model was extended and used to analyse 
the results. New considerations are included in the model to account for the presence of 
rigid inclusions. The parameters of the modified model are: the size distribution of the 
glass powder, the viscosity and surface tension of the glass, the (empirical) shape factor 
for the geometry of the glass powder, the number of nucleating sites per unit area, the 
crystal growth rate curve, the fibre volume fraction and length. The Clusters model 
allows one to include the effect of surface crystallisation and fibre content as an inhibitor 
of densification and successfully describes the sintering kinetics of the borosilicate 
glass/zirconia fibres system. 
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I. Introduction 
(1) Literature review 
The presence of rigid inclusions in a glass-powder compact leads to different sintering 
rates, generating stresses during sintering.1 These stresses not only delay the densification rate 
of the compacts, but can also produce defects, such as cracks.2, 3 Some authors have tried to 
analytically determine the developed stresses during sintering and their effect on 
densification.4, 5, 6, 7  The number of  inclusions, n, influences the sintering behaviour only 
during the initial period, such that the hydrostatic tensile stress increases and the sintering rate 
decreases with increase in n. Furthermore, the effects of n on stresses and sintering rate can 
be ignored for small volume fractions or for a large number of inclusions.  
Scherer modelled the effect of rigid inclusions, that is, non-sintering uncompressible 
inclusions, on sintering, and applied the theory to the case of viscous sintering.8 Two models 
were considered. In the first, the composite was represented as one sphere composed of a 
central inclusion surrounded by the sintering vitreous matrix. This model has been employed 
by other authors to treat the same problem and can be applied to low volume fractions of 
inclusions, where the fields of tensions around the inclusions do not overlap. The second 
model involves a compact constituted of a bimodal particle size distribution.9 This model, 
called “self-consistent model”, can be applied up to the point where the inclusion volume 
fraction is so great that a continuous network is formed and suppresses the contraction of the 
composite material. For the case of viscous sintering, the predictions of both models are 
indistinguishable for inclusion volume fractions lower than 0.2. Subsequently, Scherer used 
the self-consistent model for the viscous sintering of a material with a porosity of arbitrary 
distribution in the presence of rigid inclusions.10 
 Rahaman et al. carried out an experimental study on the densification of soda-lime 
glass compacts containing different volume fractions of silicon carbide particles.5 The authors 
found good agreement between the densification rates and those predicted by the rule of 
mixtures for silicon carbide volume fractions ≤0.1. The data for the densification rates and the 
stresses caused by the inclusions are in excellent agreement with the Scherer theory for 
volume fractions ≤ 0.12. These results suggest that it is possible to obtain composite materials 
of high density by means of conventional (without pressure) viscous flow sintering for 
volume fractions ≤ 0.15.  
Dutton and Rahaman studied the sintering, creep and electrical conductivity of model 
composite materials of a vitreous matrix as a function of the content and size of inclusions.6 
The composites were formed by spherical particles of soda-lime glass and spherical nickel 
inclusions. They did not observe any effect of the inclusion size on viscosity for volume 
fractions below 10%. Above this value, they claim there is an effect of the inclusion size with 
an important increase of viscosity due to the interaction between inclusions. The sintering 
rates were compared with the predictions of the self-consistent model of Scherer10. Good 
agreement was found when substituting the creep viscosity values in the model equation. 
 Boccaccini studied the effect of Al2O3 platelets on the pressureless densification of a 
conventional aluminosilicate glass by hot-stage microscopy.7 Both the creep rates and the 
hydrostatic stresses calculated by the Scherer model were in good agreement with the 
experimental results. 
Raj and Bordia developed a different approximation of the problem of inhomogeneous 
sintering in which deformation flow and densification are described with simple expressions.2 
The maximum tensile stress generated by incompatible sintering is found to be sensitive to a 
parameter, β, which is the ratio of the rate constant for creep and the rate constant for 
densification; and depends mainly of the viscosity of the glass matrix and the volume fraction 
of inclusions. A large value of β reduces the magnitude of the stress. The generation of flaws 
as a result of this stress is considered. These authors obtained solutions for the medium 
contraction rate and the interfacial tension in the composite material and demonstrated that 
unless β is large the densification rate of the composite will deviate significantly from the rule 
of mixtures. 
 
(2) Objective 
The incorporation of zirconia fibres in glassy matrices increases the corrosion 
resistance against molten carbonates and improves the mechanical properties of the system 
without modifying the thermal expansion of the glass matrix, thus constituting an 
improvement in the efficiency of the sealing material for specific application in sealing 
molten carbonate fuel cells (MCFC). In order to optimise sealing properties, in a previous 
study we investigated the sintering behaviour of mixtures of a borosilicate glass and ZrO2 
fibres as a function of the particle size of the glass powder, sintering temperature and time.11 
Our experimental sintering results were analysed by using different sintering models for a 
glass matrix containing rigid inclusions, such as Scherer´s model and the model of Raj and 
Bordia model.8, 10, 12, 2 Our sintering results did not fit those sintering models, since they do 
not consider the size and geometry of the inclusions nor the effect of glass crystallisation 
during sintering. 
In this work we analyse the sintering kinetics of the same system employing a 
modified form of the Clusters model.13 This model considers the sintering kinetics of a size 
distribution of glassy particles as the weighed summation of the sintering of each particle 
size.13 It also considers sintering with simultaneous crystallisation, but this problem was 
discussed at length in ref.14 
 
(3) Theory 
According to the Clusters model the following expression holds true for the 
densification kinetics at a given temperature of a polydispersed compact with a volume 
fraction vr of vitreous particles of radius r : 
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Equation (1a) sums up the relative density ρ(r,t) for each particle size, r, as a function 
of time, t. During the Frenkel stage of sintering, the ρ(r,t)< 0.8 condition is met and ρF(r,t) is 
calculated using the Frenkel (F) equation. Later, ρ(r,t)> 0.8, ρMS(r,t) is calculated by the 
Mackenzie-Shuttleworth (MS) model. The F and MS equations are given later including the 
effect of crystallisation. For each cluster, the passage from the Frenkel regime to the MS 
regime is performed using the step functions θF(t0.8-t) and θMS(t-t0.8), whose values  switch 
between 1 and 0 at t = t0.8 when ρF(r,t0.8) = 0.8 is reached. Thus, θF(t0.8-t) = 1 and θMS(t-t0.8) = 
0 for t < t0.8, and  θF(t0.8-t) = 0 and θMS(t-t0.8) = 1 for t > t0.8. The neck-forming ability ξ of 
each particle size was considered equal to 1 since the size distribution is quite narrow. 
Equation (1a) was developed for spherical particles. Although it has been noticed that 
the sintering kinetics of irregular particles differs from that of spherical ones, there is not a 
theoretical solution for such a complex problem. In practise, a shape factor ks has to be 
introduced in the calculus of ρF(r,t). Usually ks > 1, but we must note that this could be due to 
a packing effect. The use of ks was previously discussed in ref.15  
Moreover, if the glass devitrifies with a surface density  Ns of nucleation sites, and a 
crystal growth rate U(T), the arresting effect of crystallisation on sintering must be included. 
In this work we will take the development made in ref.14 which models isothermal sintering  
with concurrent crystallisation, as shown by Eq.1b: 
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where ρ0 is the green density of the compact, η(T) is the glass viscosity, C= 3ksγ/8r and C´= 
3ksγ/2a0 , γ is the glass-vapor surface energy and a0 is the pore radius. For each particle size a 
value of a0 is assigned, so that at t=t0.8 ρc,F(t0.8)= ρc,MS(t0.8).  
For further details please check refs.13,14 In equation (1b), index C refers to a 
calculation taking into account simultaneous surface crystallisation of the glassy particles, 
while index F refers to Frenkel, and index MS to the Mackenzie-Shuttleworth model. In the 
beginning of sintering, the system is composed of particles and an interconnected porosity, 
however, at the end of the process it consists of a porous matrix with a pore size distribution 
that is a consequence of the initial particle size distribution and packing.  
In the following sections, we present a new approach for modelling the sintering 
behaviour of glass powders having  rigid inclusions. This new approach is an extension of the 
Clusters model and is based on an analysis that classifies the type of contacts between pairs of 
particles: glass-glass, zirconia-zirconia or glass-zirconia.  
 
II. Experimental procedure 
 
A borosilicate glass with composition 60SiO2.24B2O3.16Na2O mol % (SiBNa403) was 
used in this study. The batch was prepared from silica sand, reagent grade Na2CO3 and 
vitreous B2O3. The glass was melted in air in a Pt crucible in an electric furnace at 1500°C for 
one hour. After melting, the glass was milled and sieved to obtain three different particle 
sizes, fraction A, B and C. The particle size distributions corresponding to these powder 
fractions were determined by the laser-scattering method (Mastersizer S, Malver Instruments 
Ltd., equipment). The specific surface area was measured by BET (Monosorb Surface Area 
Analyser MS-13 of Quantachrome).  
A commercial zirconia fibre stabilised with 8 weight % ytria, with an average length 
of 1.6 mm and 3-6 µm of diameter was employed for the preparation of the composite. 
Borosilicate glass powders with different particle sizes were mixed with the zirconia fibres in 
different proportions in acetone employing a Turbula Mixer (System Schatz from WAB) 
during two hours. The fibres and the glass powder were previously treated in ultrasound for a 
few minutes to minimise the formation of agglomerates. 
Cylindrical samples (≈ 1 cm of height and ≈ 0.8 cm of diameter) were prepared from 
the different mixtures by isostatic pressing at 200 MPa during one minute. The samples were 
weighted and their dimensions measured.  
The compacts were isothermally treated in an electric furnace in air at 625 and 650°C 
during different times. The densities of the green and treated samples were measured by the 
Archimedes method employing Hg. The sintering process was followed from both density 
variations and dimensional modifications of the samples. 
For the glass-zirconia composite the theoretical density was calculated from the rule of 
mixtures (2): 
                                              )2(iith V ρρ ∑=  
where ρth is the theoretical sample density, Vi the volume fraction of phase i, and ρi its 
theoretical density. 
 The viscosity-temperature curve of the glass was determined by the rotation method, 
for viscosities in the range 10-105 dPa.s, and by the fibre elongation method, for viscosities in 
the range 108-1013 dPa.s.11 The measurements were performed with a high temperature 
viscometer (Haake) that allows the combination of both methods using a Sensor System HE 
1700.  
 
III. Calculations 
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As described by Frenkel, the distance between the centres of two sintering particles 
shortens, and the total surface area simultaneously reduces.16 During this process a neck is 
formed between both particles, where, initially, there was only a contact between the two 
glassy surfaces. The driving force for sintering is provided by the surface energy of the 
particles, the kinetic path being accomplished by viscous flow.            
For the typical temperatures used to sinter glasses, which are above the glass transition 
temperature, Tg, and well below the melting point of the fibres, we expect the following three 
sintering possibilities (or types of contact): glass-glass, glass-fibre, fibre-fibre. Glass-glass 
contacts behave as Frenkel described, with sintering occurring through viscous flow. In a 
contact of the glass-fibre type, there is no possibility for the inclusion to change its shape 
(since it is rigid at these temperatures) and the only possibility for the glass particle is to  
spheroidize by viscous flow. This does not mean that the glass does not wet the zirconia 
fibres, but that the wetting kinetics is much slower that the sintering kinetics. This type of 
contact is seldom present between the ceramic container (when used) and the particles of the 
sample. 
 
Figure 1. 
 
The fibre-fibre contacts do not evolve, their geometry remaining constant. Thus, 
viscous flow develops necks at the glass-glass contacts and provides the major contribution to 
the sintering kinetics. 
Three different volume fractions can be idealised inside the sample V1, V2 and V3. V1 
exhibits only glass-glass contacts. V2 displays only glass-fibre contacts, which can be 
estimated as the volume fraction that surrounds all inclusions with a height approximately 
equal to a particle radius. V2 maintains the original porosity of the green sample (0.61 in this 
case). Volume V3, is the volume of inclusions (the volume of the fibres) whose density is 
constant (6.09 in this work).  
 
Figure 2.  
 
The sintering kinetics is due to shrinkage of volume V1, since V2 and V3 can be 
considered constant. The value of  V1 is calculated with Eqs. (3,4) where fibresurface is the 
surface area of the rigid inclusions in the sample. 
 
                                                 V1= 1-V2-V3                                                         (3) 
                                                ∑=
r
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V1, V2 and V3 are depicted in Figure 2. The volume V2 is the volume of glass particles that 
does not participate in the sintering process. In Eq. (1) each particle size volume fraction, vr , 
is reduced by the volume fraction of particles with radius r that belongs to the volume V2 
(fibresurface .r/VT.vr). 
 
IV. Results and discussion 
 
The viscosity-temperature curve of the glass was measured employing a high 
temperature viscometer.11 Data fitting, resulted in the following VFT equation, where the 
viscosity η is in dPa.s, and the temperature T in K: 
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 The particle size distributions of the three fractions A, B, and C for SiBNa403 glass 
are shown in figure 3. The average medium diameter (d50) and the specific surface area (SBET) 
for the three particle-size fractions and the different glasses are presented in table 1. Fraction 
A (20-40 µm) of SiBNa403 glass presents a monomodal size distribution with a medium 
particle size diameter around 36 µm. Fraction B shows a multimodal distribution extended 
between 40-50 µm and ≈ 1 µm and fraction C also exhibits multimodal distribution between 
10 and 20 µm and ≈ 1 µm. 
 
Figure 3. 
 
Table 1. 
  
 The nominal density of the composite material was calculated from the densities of 
SiBNa403 glass (2.46 g.cm-3) and cubic zirconia (6.09 g.cm-3) employing the rule of mixtures 
(Eq. 2). The fibre volume fractions employed were F= 0.09 (9 volume %, 20 weight %), 
F=0.21 (21% volume, 40% weight), F= 0.38 (38% volume, 60% weight) and F= 0.62 (62% 
volume, 80% weight). For example, for a volume fraction F= 0.09 the theoretical density is 
2.79 g.cm-3. Figure 4 represents the relative density, ρ, as a function of sintering time at 
625°C for the powder glass corresponding to the smallest particle size, fraction C, containing 
different volume fractions of ZrO2 fibres. The sintering behaviour without fibres (F=0) is also 
presented for the same particle size distribution. The viscosity of the glass at this temperature 
is 109.15 dPa.s. The pure glass sintered to a relative density of 0.98 after 5 hours, while the 
maximum densification reached for composites with a fiber volume fraction equal to 0.09 was 
0.94 after 24 hours of treatment. The smaller the fibre content the greater was the degree of 
densification. 
 
Figure 4. 
 
 The curves in figure 4 were obtained by calculations using the Clusters model. The 
constants employed for calculating the curves of figure 4 are: η=109.35 dPa.s, Ns=3.109m-2 
+1/(4πr2), U=10-10 m/s, ks=1.8. The fitted viscosity is near the measured value (109.15 dPa.s) 
and the fitted values for Ns, U and ks are within the values commonly reported in the literature 
for silicate glasses. These values were determined by trial and error and give the best fit of the 
model to all experimental data. While viscosity affects the sintering kinetics at the Frenkel 
and MS stage, the shape factor influences only the Frenkel stage; Ns and U slow down the 
sintering kinetics and determine the saturation density, specially in those cases where there is 
a strong competition between crystallisation and sintering. As Ns and U enter the model as the 
product Ns.U2, the determined values are only correct within an order of magnitude. 
Assingning one nucleation site to each of those particles that should not have at least one  
because of their small surface, resulted in a better fit. As shown, besides the fiber content, the 
influence of crystallisation has also been considered and a good fit was obtained.  
From this figure, the plot of saturation densities as a function of fibre volume fraction 
can be obtained (figure 5). The saturation density, as calculated subtracting V2 from the total 
volume, is also present in the figure. The densification results are in good agreement with the 
Clusters model calculations for fibre fractions lower than 0.2.  
 
Figure 5. 
 
As a consequence, Eq. (4) is a good approximation for fibre fractions in the range 0- 
0.2. In a “diluted” system, fibres do not interact with each other and are pushed by viscous 
flow during sample shrinkage. When the fibre content increases, contacts among fibres also 
increase. In the case of long fibres (fibre length of approximately 1.6 mm, maximum (glass) 
particle size in the range 0.001-0.1 mm) a fibre network is formed with glass regions that 
sinter almost independently from each other. Stresses imposed by the glass on the fibres 
during sintering are not sufficient to deform this network. When the inclusions are in high 
concentration (>20 %vol.) new mechanisms hinder the sintering rate, such that sintering 
becomes negligible for a fibre content of about 65 %vol. At a fibre volume fraction of about 
0.65 no shrinkage was observed by Pascual et al.11 This effect was empirically modelled by 
introducing a function φ(xf), which is φ=1 for fibre contents 0 < xf < 0.2, goes linearly from 1 
to 0 for 0.2< xf < 0.65 and φ=0 for fibre contents 0.65<xf. The volume V1 is then calculated 
as   
 
                                                V1= (1-V2-V3). φ(xf)                                                         (6) 
  
 To obtain densities higher than 80% in this temperatures range, the maximum fibre 
fraction should be F∼ 0.09. Thus, a densification study at 650°C on samples with different 
particle sizes having this fibre percentage is shown below. 
Figures 6a, b and  c present the sintering kinetics of mixtures of SiBNa403 glass with 
9% vol. ZrO2 fibres (F= 0.09) treated at 650°C for the three particle sizes, compared with the 
sintering of the corresponding glass (F= 0). Dots represent the experimental data and 
continuous curves the calculated sintering kinetics applying the Clusters model in the 
presence of crystallisation.  
 
Figures 6a, b and c. 
 
 The viscosity of the glass matrix at this temperature is logη= 8.3 (η in dPa.s). The 
maximum relative density for SiBNa403 glass (ρ= 0.98) is reached after five hours of 
treatment with fraction A powder, while the same saturation density is reached with fraction B 
after 3 hours, and only after 0.5 hours for fraction C. Once the maximum density is reached, 
longer treatment times lead to a decrease of the density for all the particle size distributions 
due to the opening of new porosity because of quartz crystallisation together with gas 
evolution.11 
 A maximum density of 0.94 is reached after three hours at 650°C for the mixture of 
the ZrO2 fibre with the glass powder having the smallest particle size (fraction C) (figure 6c). 
When larger particle sizes are employed, around five hours are necessary to reach a maximum 
relative density ρ= 0.84, indicating that the increase of the matrix particle size along with the 
presence of ZrO2 inhibits complete densification. 
 The constants used for the calculation of curves in figure 6 are presented in table 2. 
 
Table 2. 
  
 The calculations were made using the same values for the properties under the same 
working conditions. For example, in calculating the curves of figure 4, the same values of 
temperature, viscosity, shape factor, rate of crystal growth, U, and number of nucleation sites, 
Ns, were used. In table 2, however, some scatter is found among fitted values that should 
coincide. The chosen material is a complicated composite system in which many parameters, 
such as Ns and U are strictly unknown. Moreover, the space distribution of the fibres is not 
always random, since during sample pressing it is possible that some alignment of the fibres 
(and also of the particles) can take place. Bubble formation takes place due to gases originated 
during crystallisation or degassing of the glass particles during sintering. This phenomenon is 
not considered in any model.11 Although the model is tested at times where degassing was 
negligible these complications can be the source of experimental data and fitted values  
scatter. A better compact packing can lead to a larger shape factor. Ns was considered equal to 
3.109+1/(4πr2) m-2 to assure at least one site per particle. Then Ns changes with the particle 
size.  
Figures 6a-c show that good agreement is generally found between calculation and 
experiment, with a few exceptions discussed below. 
 The advantages of the model consists in the ability to predict trends in sintering 
kinetics and saturation density as a function of particle size distribution, fibre diameter and 
sintering temperature, with or without crystallisation. 
 It is evident that to reduce the final porosity, the volume V2 must be reduced. This 
condition is fulfilled, for example, by decreasing the glass particle size. This decreases the 
sizes of the pores but not always reduces the porosity percentage since packing depends upon 
the size distribution. Further parameters could include the coating of inclusions with a glassy 
layer, eliminating the inclusion-glass contacts, and decreasing V2. 
 The present calculations can also be useful in the case where two different glasses are 
sintered together in conditions where, at the sintering temperature, the viscosity of one glass  
is much larger than the other and behaves as a rigid inclusion. 
 
V. Conclusions 
 
The modified Clusters model for sintering powdered glasses in the presence of rigid 
inclusions has been successfully applied to a borosilicate glass/zirconia fibre system. 
Calculations show that the present model is an alternative to well-known models, such as the 
Scherer and Raj & Bordia models. The main advantage of the modified Clusters model is that 
it allows one to consider the particle size distribution, the dimensions of the inclusions, and 
simultaneous sintering and crystallisation. However, as the Scherer and Raj & Bordia models, 
it does not consider the effect of entrapped air and degassing during sintering (which may be 
important in the final stages of sintering) as well as a possible chemical reactivity between 
glass matrix and inclusion. 
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Captions 
 
Figure 1. Particle shape evolution during sintering. Solid grey particles are glass particles, 
white particles represent fibres. (A) glass-glass contacts. (B) Scheme of inclusion-glass 
contacts. Inclusion is rigid, and the glass particle spheroidizes on the effect of its surface 
tension. (C) Inclusion-inclusion contact scheme. There is no evolution of the geometry with 
time. 
 
Figure 2. Scheme of the three different volumes (V1,V2 and V3) considered during sintering. 
V1: Contains only glass-glass contacts, V2: Includes rigid inclusion-glass contacts, V3: 
Volume of the fibres.   
 
Figure 3. Particle size distribution of the three size powder fractions A, B and C for 
SiBNa403 glass. 
 
Experimental points and theoretical calculations (curves) corresponding to the 
sintering kinetics of fraction C with different fibre contents at 625°C. 
 
Figure 5. Measured saturation density vs. fibre content (volume fraction) and calculated 
values only considering the rigidity of volumes V2 and V3 at 625°C. 
 
Figure 6. (A) Experimental points (hollow: without fibres, solid: with 0.09 fibre volume 
fraction) and theoretical calculations (curves) corresponding to the sintering kinetics of 
particle size distribution A with 0 and 0.09 volume fraction fibre content. (B) Idem for 
particle size distribution  B. (C) Idem for particle size distribution  C. 
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Table I. Medium particle size and specific surface area 
 
 SiBNa403 
Fraction d50(µm) SBET(m2/g)
40-20 µm ( A ) 35.9±0.5 0.19±0.05 
<20 µm ( B ) 10.9±0.5 0.72±0.05 
<20 µm ( C ) 6.3±0.5 1.90±0.05 
 
 
Table II. Constants used for the calculation of curves in figure 6 
 
Particle size Fibre content η(T) 
T= 650°C 
U(m/s) Ns(m-2) Shape factor ks 
A 0 108.3 1.0.10-9 3.109+1/(4πr2) 1 
A 9 108.3 0.8.10-9 3.109+1/(4πr2) 1 
B 0 108.3 0.6.10-9 3.109+1/(4πr2) 1 
B 9 108.3 0.1.10-9 3.109+1/(4πr2) 1 
C 0 108.6 0.6.10-9 3.109+1/(4πr2) 1.8 
C 9 108.6 0.6.10-9 3.109+1/(4πr2) 1.8 
 
